This study aimed to examine whether acute intermittent porphyria (AIP) is associated with systemic inflammation and whether the inflammation correlates with disease activity. A case-control study with 50 AIP cases and age-, sex-and place of residence-matched controls was performed. Plasma cytokines, insulin and C-peptide were analysed after an overnight fast using multiplex assay. Long pentraxin-3 (PTX3) and complement activation products (C3bc and TCC) were analysed using enzyme-linked immunosorbent assay (ELISA). Urine porphobilinogen ratio (U-PBG, mmol/ mmol creatinine), haematological and biochemical tests were performed using routine methods. Questionnaires were used to register AIP symptoms, medication and other diseases. All 27 cytokines, chemokines and growth factors investigated were increased significantly in symptomatic AIP cases compared with controls (P < 0Á0004). Hierarchical cluster analyses revealed a cluster with high visfatin levels and several highly expressed cytokines including interleukin (IL)-17, suggesting a T helper type 17 (Th17) inflammatory response in a group of AIP cases. C3bc (P 5 0Á002) and serum immunoglobulin (Ig)G levels (P 5 0Á03) were increased significantly in cases with AIP. The U-PBG ratio correlated positively with PTX3 (r 5 0Á38, P 5 0Á006), and with terminal complement complex (TCC) levels (r 5 0Á33, P 5 0Á02). PTX3 was a significant predictor of the biochemical disease activity marker U-PBG in AIP cases after adjustment for potential confounders in multiple linear regression analyses (P 5 0Á032). Prealbumin, C-peptide, insulin and kidney function were all decreased in the symptomatic AIP cases, but not in the asymptomatic cases. These results indicate that AIP is associated with systemic inflammation. Decreased Cpeptide levels in symptomatic AIP cases indicate that reduced insulin release is associated with enhanced disease activity and reduced kidney function.
Introduction
Acute intermittent porphyria (AIP) is an autosomal dominant metabolic disorder caused by a mutation in the hydroxymethylbilane synthase gene, which encodes an enzyme involved in haem synthesis [1] . A rare condition worldwide, with a prevalence in European populations of only 1/75 000 to 10-20/100 000 [2, 3] , AIP is prevalent in Nordland county in Norway, with a prevalence as high as 600/100 000 in one municipality [4] . Many patients have only one porphyria attack over a lifetime, and few suffer chronic AIP symptoms. Individuals carrying the AIP gene mutation are classified as symptomatic (15-20%) or asymptomatic (80-85%) [1] . Symptomatic AIP presents typically with acute, severe abdominal pain, nausea, vomiting, constipation, dark red urine and muscle weakness [1] . Most attacks last from a few days up to 2 weeks. Bulbar or phrenic nerve paresis may ensue occasionally and lead to life-threatening respiratory failure [1, 5] . A high prevalence of hypertension and kidney impairment has been documented [3] . Some mutations, including the W198X mutation, carry an increased risk of hepatocellular carcinoma (HCC), which is found in approximately one-third of patients with this mutation [3, 6] .
Established triggers for AIP attack include infections, alcohol, smoking, hormonal factors, physical or mental stress and medications affecting haem synthesis [1, 2] . In terms of the mechanisms whereby these triggers cause illness, fasting, fever and stress are known to induce haem oxygenase-1 activity, leading to a reduction in the free haem pool and induction of 5-aminolevulinic synthase-1 (ALAS1) [1] . Acute phase proteins and interleukin (IL)-6 may also increase ALAS1 synthetase activity in liver cells [7] . ALAS1 is increased in the liver in AIP patients, due probably to intracellular haem deficiency [8] . Some patients with AIP, however, may suffer severe forms of the disease without any known triggers. Treatment for this group is demanding, and requires the avoidance or treatment of triggering factors, a high oral sugar intake, glucose and insulin infusion or infusion of haem. In these patients, ALAS1 mRNA in the liver is decreased by insulin through the peroxisome proliferator-activated receptor co-activator 1a [9] . The fact that liver transplantation is an efficient cure for AIP strengthens the evidence that the role of liver metabolism in AIP pathogenesis is central [10] . In addition, inflammation may possibly affect haem synthesis through hepcidin [11] .
Low-grade inflammation has been reported to play a role in several systemic diseases, such as atherosclerosis and type II diabetes [12, 13] . AIP could therefore be associated with low-grade inflammation. The accumulation of certain damage-associated molecular patterns (DAMPs) has been shown to stimulate the immune cells and inflammation in various diseases [14] . Haem and porphyrins have been reported to activate the complement system [15, 16] . Sato et al. showed that dietary supplementation with 5-aminolevulinic acid (ALA) induced T cell responses in chickens through oxidative stress [17] . Delaby et al. reported lower prealbumin levels in patients with symptomatic AIP, probably as a result of malnutrition or hepatic inflammation [18] .
Although there is evidence for a possible role of inflammation in AIP, it has not been determined whether patients with AIP have increased systemic inflammation. The aims of this study were to examine systemic inflammation in AIP by plasma biomarkers and biochemical disease activity in the form of urine porphyrin precursor levels, and to determine whether inflammatory markers are associated with biochemical disease activity, insulin release and kidney function.
Materials and methods

Study design and participants
A case-control study was conducted in 50 individuals with AIP, 15 asymptomatic and 35 symptomatic carriers of the AIP gene mutation and 50 controls matched for age, sex and place of residence (Table 1) . Of the 50 AIP patients, 48 had the W198X mutation. The patients and matched controls were recruited from the Norwegian counties of Nordland, Troms, Trøndelag and Oslo. The 42 healthy controls consisted of 22 men and 20 women, with a mean age of 48.8 years, without inflammatory diseases. The single-draw blood samples were obtained in a period outside AIP attacks. Only one patient had chronic AIP symptoms.
Ethics, consent and permission
The Regional Committee for Medical and Health Research Ethics approved the study. Written informed consent was obtained from all participants. All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration. This trial is registered with ClinicalTrials.gov number NCT01617642.
Medical evaluation
A physician completed a questionnaire for each participant during the interview on the same day that the blood samples were taken. Individuals with the AIP gene mutation were questioned about the presence or absence of AIP symptoms, time of diagnosis, number and durations of attacks and suspected triggering and relieving factors. They were asked specifically about abdominal pain, vomiting, constipation, muscle ache, muscle weakness, decreased sensitivity, paresis, headache, tiredness, epilepsy, palpitations, dark or red urine and psychiatric symptoms. Participants were also asked about their smoking and alcohol habits, physical activity and emotional stress. All participants gave a past medical history, history of current illness and drug history before the interview. Dietary intake was registered using a 7-day food diary. Trained nurses measured height and weight and calculated body mass index (BMI).
Blood sampling and laboratory methods
Blood samples were obtained by venepuncture between 8 a.m. and 9 a.m. after an overnight fast using Vacuette citrate and ethylenediamine tetraacetic acid (EDTA) serum tubes (Greiner Bio-one GmbH, Frickenhausen, Germany). The EDTA tubes for plasma cytokine and complement analysis were placed immediately onto crushed ice and centrifuged at 1500 g for 15 min at 148C, and the plasma was stored at 2808C until analysis.
Multiplex technology
The cytokines were analysed in EDTA plasma using a BioPlex Human Cytokine 27-plex kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). The following cytokines, chemokines and growth factors were analysed: interleukin (IL)-1b, IL-1RA (IL-1 6, IL-7, chemokine (C-X-C) motif 8 (CXCL8), IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17, chemokine (C-C motif) ligand 5 (CCL5), chemokine ligand 11 (CCL11), basic fibroblast growth factor (FGF), granulocyte colonystimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon (IFN)-g, CXCL10, CCL2, CCL3, CCL4, platelet-derived growth factor-BB (PDGF-BB), tumour necrosis factor (TNF) and vascular endothelial growth factor (VEGF). Insulin, visfatin and C-peptide were analysed using the human Bio-plex Pro human diabetes immunoassay kit from Bio-Rad. The analysis was performed using the Bio-Plex 200 system (Bio-Rad).
Enzyme immunoassay
Long-pentraxin 3 (PTX3) was analysed in EDTA plasma using an enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems Inc., Minneapolis, MN, USA). The complement activation products C3bc and soluble C5b-9 (sC5b-9) 
The data represent the mean values (s.d.), n (%) or median values and interquartile range (IQR). Wilcoxon's matched-pairs signed-rank test was used for the demographic features; Fisher's exact test was used for all other variables. OR 5 odds ratio; CI 5 confidence interval; n 5 50 matched pairs, except for daily alcohol intake n 5 46 matched pairs. OR for smoking was calculated by comparing former smokers against never smokers in cases versus controls and current smokers against never smokers in cases versus controls. were analysed in EDTA plasma using enzyme-linked immunosorbent assays (ELISAs), as described previously [19] . Both assays are based on monoclonal antibodies to neoepitopes exposed in the activation products and not present in the native components. Optical density was measured using an MRX microplate reader (Dynex Technologies, Denkendorf, Germany) [20] . Antitransglutaminase and anti-endomysium were analysed using Quanta Lite TM h-tTG immunoglobulin (Ig)A ELISA kits (Inova Diagnostics, Inc., San Diego, CA, USA). Antinuclear antibody (ANA) screen, rheumatoid factor and anti-CCP were analysed in serum using Quanta Lite TM ANA, rheumatoid factor (RF) IgM and CCP3 IgG ELISA kits, respectively (Inova Diagnostics, Inc.). Anti-cardiolipin was analysed using the indirect enzyme immunoassay (EIA) test RELISA V R cardiolipin IgG and IgM (ImmunoConcepts N.A. Ltd., Sacramento, CA, USA).
Routine biochemistry tests
Routine haematology parameters were analysed using a Siemens ADVIA 2120 Hematology System (Siemens Healthcare Diagnostics Ltd, Camberley, UK). HbA1c was analysed using a Tosoh G8 high-performance liquid chromatography (HPLC) system. Serum levels of urate, IgA, IgG and IgM, urine creatinine and other clinical chemistry parameters in urine and serum were measured using an Advia V R 1800 system (Siemens Medical Solutions Diagnostics, Tokyo, Japan) and reagents from Siemens Healthcare Diagnostics Ltd. Anti-thyroid peroxidase antibodies (anti-TPO) levels were analysed using an Advia Centaur V R system (Siemens). Levels of C3, C4 and high-sensitivity C-reactive protein (CRP) in serum were analysed using a BN ProSpec V R nephelometer (Siemens Healthcare Diagnostics Ltd). Urine porphobilinogen (U-PBG) levels were analysed using a kit from BioRad Laboratories (M€ unchen, Germany) and Ehrlich reagent, and urine porphyrins were analysed as described previously [21] . The U-PBG ratio (mmol porphobilinogen/mmol creatinine) was subsequently calculated.
Statistical analyses
The Wilcoxon matched-pairs signed-rank test was used on the matched case-control data. The non-detectable cytokine values were set to zero. The Mann-Whitney U-test was used on the non-matched case data. Spearman's rank correlation coefficient was used for the cases with AIP and in the calculations of the r-and two-tailed P-values because the data were not distributed normally. P < 0Á05 was considered to be statistically significant. The statistical analysis was performed using Prism version 6.0 from GraphPad Software Inc. (San Diego, CA, USA). Multiple linear regression analyses were performed on data from the AIP cases using IBM SPSS Statistics for Macintosh version 23 (Armonk, NY, USA). In the hierarchical cluster analysis, the cytokine levels in each AIP case and matched controls were divided on the median levels of each cytokine in the 50 matched controls. Individuals with undetectable cytokine values were replaced with a random number below the lowest detection limit of each assay. The data were then imported into R version 3.1.3, Bug in Your Hair. The matrix results were then transformed using natural logarithm. The Bioconductor (version 3.3) library complex heatmap (version 1.10.2) was used to cluster and distance the cytoplex matrix for both row and columns with the following parameters: cluster 5 complete linkage, distance 5 Euclidian [22] .
Results
Baseline characteristics and demographic features
The demographic features and baseline characteristics were similar in AIP patients and matched controls ( Table 1) . Of the 50 patients, 35 had symptomatic AIP and 48 had the W198X mutation. There was no difference in the prevalence of inflammatory diseases and the use of antiinflammatory medication between AIP cases and controls (Table 1) . Finally, the levels of autoantibodies, biomarkers related to inflammatory diseases and the kidney function did not differ between the matched controls and AIP cases (Table 1) .
Plasma levels of cytokines, chemokines, growth factors and other biomarkers in cases with acute intermittent porphyria compared with controls
The levels of all 27 cytokines, chemokines and growth factors were increased significantly (P < 0Á0004) in the cases with AIP compared with the matched controls ( Table 2) . Median concentrations of proinflammatory cytokines, including TNF, IL-1b, CXCL8, CCL2 and IL-6, were increased significantly (P < 0Á0001 for all) by 4Á1-, 1Á8-, 1Á6-, 1Á5-and 2Á5-fold, respectively, in the cases with AIP compared with the matched controls ( Table 2) . Furthermore, median levels of IL-7, IL-12 (p70), IL-17 and IFN-g (Table 2 ) were increased significantly (P < 0Á0001 for all) by 2Á3-, 3Á8-, 24Á6-and 7Á7-fold, respectively. The IL-15 level (Table 2 ) was increased in cases with AIP, but with undefined fold-change because the median concentration in the matched controls was undetectable.
Median levels of the anti-inflammatory cytokines, including IL-1RA and IL-10, were also increased significantly (P < 0Á0001 for both) by 2Á3-and 10Á1-fold, respectively, in AIP cases compared with matched controls ( Table  2 ). The levels of several chemokines, including CCL3 and CCL4, CCL5, CXCL10 and CCL11 (Table 2) , were all increased significantly (P < 0Á001 for all) in AIP cases compared with matched controls. Median levels of the growth factors FGF basic, VEGF, G-CSF, GM-CSF and PDGF-BB were also increased significantly (P < 0Á0001 for all) by 2Á6-, 8Á3-, 4Á2-, 3Á5-and 9Á5-fold, respectively, in AIP cases compared with matched controls (Table 2) . IL-2, IL-4, IL-5, IL-9 and IL-13 were increased significantly (P < 0Á0001 for all) in cases with AIP ( Table 2 ). The levels of most cytokines were also increased in the AIP cases compared to the median level and the reference ranges in the 42 healthy controls ( Table 2 ). The P-values remained on the same level when we compared the cytokine levels with the 42 healthy controls instead of the 50 matched controls, except that the P-values for CCL5 and FGF basic against the 42 healthy controls were P < 0Á001 instead of P < 0Á0001.
Serum ALT, IgG level and blood monocyte count were slightly, but significantly higher (P < 0Á05) in AIP cases than matched controls (Table 2) . Complement activation markers, including plasma C3bc and C3bc/C3 ratio, were higher (P < 0Á01) in cases than matched controls (Table 2) . Serum cholesterol and triglyceride levels were also significantly higher in cases than matched controls ( Table 2 ). The biomarkers of AIP disease activity U-PBG and total 
The data represent the median values and interquartile range (IQR). The data were analysed using the Wilcoxon matched-pairs signed-rank test on AIP cases (n 5 50) versus matched controls. The P-values are exact, two-tailed. # P < 0Á05; *P <0Á01; **P < 0Á001; ***P < 0Á0001 on AIP cases (n 5 50) versus matched controls. All P-values < 0Á001 when comparing the cytokines in the AIP cases with the 42 healthy controls. porphyrins were, as expected, significantly higher (P < 0Á0001 for both) in cases than controls (Table 2) . Highsensitivity CRP, PTX3, serum IgA and IgM levels, total leucocyte count, platelet count and haemoglobin levels were not significantly different between the AIP cases and the matched controls (data not shown).
Cytokine levels in asymptomatic and symptomatic acute intermittent porphyria cases
We next examined whether cytokine levels were increased both in asymptomatic and symptomatic AIP cases. The levels of all 27 cytokines, chemokines and growth factors were increased significantly in cases with symptomatic AIP compared with matched controls, and eight of these are shown (Fig. 1) . Furthermore, the levels of 23 of these 27 analytes were increased significantly in cases with asymptomatic AIP compared with matched controls, and seven of these are shown (Fig. 1) . However, G-CSF, CCL3, FGF-basic and CXCL8 were not increased in asymptomatic AIP cases. The levels of cytokines and growth factors were also increased in many AIP cases compared to their respective reference ranges in 42 healthy controls (Fig. 1) . The C3bc/C3 ratio was enhanced significantly by 1Á3-fold (P < 0Á005) in the symptomatic AIP cases versus their matched controls. However, the levels of the complement activation markers terminal complement complex (TCC), C3bc/C3 ratio, C3 and C4 levels were not significantly different between the symptomatic and asymptomatic AIP cases (data not shown).
Hierarchical cluster analyses of cytokines
The hierarchical cluster analyses of cytokines in each AIP case and 50 matched controls divided the AIP cases and matched controls into two main clusters, (a) and (b) (Fig.  2) . Cluster (b) featured high levels (red) of many cytokines and included five controls and 30 AIP cases, 21 of which were symptomatic AIP cases and nine were asymptomatic (Fig. 2) . All five controls in cluster (b) with high cytokine levels had inflammatory diseases, such as undiagnosed rheumatoid arthritis and ankylosing spondylitis. Cluster (b2-2) contains one control with undiagnosed, untreated rheumatoid arthritis and AIP cases. Many AIP cases in cluster (b2-2) with high cytokine levels also had elevated U-PBG and U-ALA levels. The 30 AIP cases in cluster (b) had significantly higher cytokine and visfatin levels than the 20 AIP cases in cluster (a) (Supporting information, Table S1 ). However, the PBG ratio and kidney function were not significantly different in the AIP cases in cluster (b). The cytokines clustered in three groups, and the cluster 1 cytokines most elevated in the AIP cases were IL-17, PDGF-BB, IL-10 and IL-15. Finally, the AIP cases with the R167W mutation had similar cytokine levels to those with the W198X mutation (Fig. 2) .
Correlations between disease activity, inflammatory markers and kidney function in cases with acute intermittent porphyria
Biochemical disease activity in AIP was measured by U-PBG ratio. U-PBG levels correlated positively with the inflammatory biomarker PTX3 (r 5 0Á38, P 5 0Á01) (Fig.  3) . U-PBG levels also correlated positively with IL-9 (r 5 0Á31, P 5 0Á03) and IL-7 levels (r 5 0Á30, P 5 0Á03) (Fig. 3) . U-PBG levels correlated positively with CCL4 levels (r 5 0Á30, P 5 0Á03, Fig. 3 ) and negatively with prealbumin levels (r 5 20Á31, P 5 0Á03) (data not shown). The U-PBG level also correlated positively with the biomarkers of complement activation, including the C3bc/C3 ratio (r 5 0Á35, P 5 0Á01) and TCC levels (r 5 0Á33, P 5 0Á02) (Fig. 3 ). Examining the relationship between AIP disease activity and kidney function, we found that U-PBG levels correlated positively with the levels of S-cystatin C, a biomarker that is increased in the presence of impaired kidney function (r 5 0Á41, P 5 0Á003) (Fig. 3) .
Multiple regression analyses of inflammatory markers and potential confounding parameters that were associated independently with the biochemical disease activity
Multiple linear regression analyses were performed to describe further the relationship between the biochemical disease activity measured as the U-PBG ratio and inflammatory markers in the AIP cases. PTX3 was associated independently with the disease activity in the AIP cases after adjusting for potential confounders and other inflammatory markers (Table 3) . We tested several regression models, including various individual or pairs of cytokines, and the coefficient estimates of PTX3 remained unchanged. In addition, kidney function expressed as relative estimated glomerular filtration rate (eGFR) Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) based on cystatin C was a significant predictor in the multiple linear regression analysis (Table 3 ). The confounders tested including prealbumin, the ratio between energy consumption and energy requirements, catecholamines in urine, smoking pack-years, percentage of alcohol of total energy consumption, fasting C-peptide levels, glucose insulin ratio, age and gender were not significant themselves and altered neither the coefficient estimates nor the P-values significantly (data not shown). We did not test drugs as a confounder, as only one AIP case received a porphyrinogenic drug.
Prealbumin, kidney function, C-peptide, insulin and porphyrin precursor levels in symptomatic and asymptomatic cases with acute intermittent porphyria Serum prealbumin levels ( Fig. 4a) and kidney function measured as eGFR (Fig. 4b) were both significantly lower in symptomatic compared to asymptomatic AIP cases. C-peptide ( Fig.   4c ) and insulin levels ( Fig. 4d) after an overnight fast were significantly lower in the symptomatic AIP cases compared to their matched controls. The glucose/insulin ratio ( Fig. 4e ) and plasma visfatin levels (Fig. 4f) were increased significantly in symptomatic AIP cases compared to matched controls. In comparison, plasma glucagon levels were decreased in both asymptomatic and symptomatic AIP cases compared to their controls (data not shown). Levels of U-ALA and U-PBG were, as expected, increased significantly in both symptomatic and asymptomatic AIP cases (Fig. 4g,h ). The number of symptoms in AIP correlated negatively with kidney function and prealbumin levels, but were not correlated significantly with the inflammatory markers (data not shown).
Discussion
This study found evidence of higher levels of systemic inflammation in AIP cases than in controls matched for age, sex and place of residence. Virtually all inflammatory markers, including cytokines, chemokines and growth factors, were elevated significantly in individuals with AIP compared with the matched controls. Many AIP cases had cytokine levels above the reference ranges in the 42 healthy controls. Furthermore, levels of several inflammatory biomarkers were correlated with the U-PBG ratio, a biomarker of AIP disease activity. AIP disease activity was associated with decreased insulin levels. The association we found between AIP and inflammation may have several explanations. One probable explanation for the increased levels of the proinflammatory cytokines such as TNF and IL-1b, the latter reflecting inflammasome activation [23] , may be the accumulation of DAMPs [14, 23] . Possible DAMPs candidates in AIP might be ALA, PBG and/or various porphyrins, in addition to tissue injury (Fig. 5) . As uric acid, and especially uric acid crystals, are well-known inflammatory stimuli, we cannot rule out totally that they may play a role as DAMPs in AIP cases. DAMPs may stimulate immunocompetent cells either directly by binding to receptors on the immunecompetent cells [12, 14, 23] , or secondarily through proinflammatory, organ damage-related complement or immune cell activation [15, 16] . By analogy, diabetes mellitus is another metabolic disease in which DAMPs including glucose, cholesterol and fatty acids are known to be involved in insulin resistance and kidney failure [13] . The reduced insulin levels and slightly enhanced HbA1c and triglyceride levels we found in AIP cases may be due to tissue damage, and indicate that DAMPs play a similar role in AIP to the role they are known to play in diabetes. Given the reduced insulin levels we found in symptomatic AIP cases -accompanied presumably by reduced cellular glucose uptake, reduced negative feedback on ALAS1 and enhanced haem synthesis and release of ALA and PBG -it seems reasonable to argue that symptomatic AIP seems to be associated with disturbed glucose metabolism. Fig. 3 . Correlation matrix of porphyrins and precursors, biomarkers of inflammation and kidney function. The data in the left lower part are Spearman's correlation coefficients, r, in the acute intermittent porphyria group (n 5 50), r ! 0Á28 and r 20Á28 (blue colour). The pairwise correlation between the different variables is depicted. The corresponding significant P-values (P < 0Á05) are indicated by red colour in the upper right part. The following variables were included: urine porphobilinogen ratio (PBG); urine 5-aminolevulinic acid ratio (ALA); uroporphyrin (Urop.); total porphyrins (Total p.); serum cystatin C (Cyst. C); plasma long pentraxin 3 (PTX3); interleukin (IL)-7 and -9; chemokine ligand (CCL) 3, 4 and 11; serum immunoglobulin A (IgA); blood (B) monocyte count (Monoc.); serum C3bc/C3 ratio (C3bc/C3); the plasma levels of the terminal complement complex (TCC); complement C3 and C4. Table 3 . Multiple linear regression of *U-PBG (lmol/mmol creatinine), model R 2 5 0Á308 ‡B 95% CI P-value
The data are regression coefficients, B, in the acute intermittent porphyria cases (n 5 50). *Ln-transformed. †Relative estimated glomerular filtration rate (eGFR) calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) cystatin C equation.
‡B 5 regression coefficients; CI 5 confidence interval.
The hierarchical cluster analysis of cytokines indicated that many of the AIP cases with the highest levels of several cytokines, especially IL-17, PDGF-BB, IL-10 and IL-15, also had high biochemical disease activity measured by U-PBG and ALA. Gender, age, kidney function and prealbumin could not explain the distribution of AIP cases into clusters (a) and (b). The increased visfatin levels in AIP cases in cluster (b) with high cytokine levels indicate a role of the adipose tissue in the inflammation observed in these cases. The AIP cases with the most elevated cytokines clustered together with controls with inflammatory diseases, e.g. untreated rheumatoid arthritis and ankylosing spondylitis. IL-17 was the cytokine with the highest relative fold increase in the AIP cases and was also identified in the most highly expressed cytokine cluster in the cluster analysis. IL-17 is a proinflammatory cytokine derived from type 17 helper T cells and natural killer cells and is involved in the Th17 response in several chronic inflammatory conditions [24] . IL-1b, IL-6 and TNF, which are involved in the development of Th17 cells, were also elevated significantly in the AIP cases [24] . IL-2 and IFN-g, which are involved in Th1 responses, were increased moderately in the AIP cases and were also identified in cytokine cluster 2. In comparison, IL-5 and IL-13, which are involved in Th2 responses were only slightly elevated in the AIP cases and were located in cytokine cluster 3. The inflammatory cytokine response in a cluster of AIP cases therefore appears to be dominated by a Th17 response similar to other chronic inflammatory conditions, such as rheumatoid arthritis and multiple sclerosis.
Complement plays an essential role in the innate immunological recognition of DAMPs. Frimat et al. showed that Fig. 4 . Prealbumin levels, kidney function, C-peptide, insulin and glucose/insulin ratio, visfatin and porphyrin precursor levels in asymptomatic (Asympt.) and symptomatic (Sympt.) acute intermittent porphyria (AIP) cases compared with controls (Ctrl). (a) Serum prealbumin levels (g/l), (b) relative eGFR (estimated glomerular filtration rate) Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) (ml/min/1Á73 m 2 ), (c) plasma C-peptide (pg/ml), (d) plasma insulin (pg/ml), (e) glucose/insulin ratio (mmol/l/pg/ml), (f) plasma visfatin levels (pg/ml), (g) urine delta-amino levulinic acid (ALA, mmol/mmol creatinine), (h) urine porphobilinogen (PBG, mmol/mmol creatinine), in asymptomatic (Asympt.) and symptomatic (Sympt.) acute intermittent porphyria cases compared with their respective matched controls (Ctrl). Prealbumin, cystatin C, Cpeptide, insulin and visfatin were analysed using immunoassays. Glucose, ALA and PBG were analysed using standard biochemical assays. The results from the age-and sex-matched controls (n 5 50; of these 35 were controls for the symptomatic cases) and the cases with AIP (n 5 50, 35 symptomatic) are shown as scatter-plots with the median. The paired data were analysed using the Wilcoxon's matched-pairs signed-rank test. The asymptomatic and symptomatic AIP cases were compared using the Mann-Whitney U-test.
3 Fig. 5 . Possible pathways from increased ALA, PBG and porphyrins to increased cytokines. Increased levels of delta-aminolevulinic acid (ALA), porphobilinogen (PBG) and porphyrins from the liver of acute intermittent porphyria (AIP) patients may cause tissue damage in several tissues, including the nervous system, the liver itself, pancreas and kidneys. Reduced prealbumin indicates inflammation in the liver, and reduced eGFR (estimated glomerular filtration rate) is due to kidney damage. Reduced insulin and C-peptide secretion from the pancreas may be due to reduced hormone secretion or organ damage. Organ damage may activate complement measured as increased levels of the terminal complement complex (TCC) and C5a, which activates cells to release cytokines, interleukins and growth factors. Another pathway of cytokine release may possibly be the release of damage-associated molecular patterns (DAMPS) from damaged cells including uric acid crystals in gout due to reduced kidney function which activate directly or indirectly immune cells to release cytokines, interleukins and growth factors. Whether enhanced levels of ALA, PBG and porphyrins may act as DAMPS themselves remains to be elucidated. Other inflammatory stimuli due to smoking and dietary factors, etc. may also activate cells to release cytokines.
haem, which consists of protoporphyrin IX and iron, activates the alternative complement pathway in serum and on endothelial surfaces [15] . It is well known that complement activation, in particular through the release of C5a, induces cytokine release in immune-competent cells [25] . We observed enhanced complement activation consistently in the AIP cases revealed by increased levels of C3bc and C3bc/C3 ratio in plasma. Thus, we provide new evidence that the complement system may also play a hitherto unrecognized role in the pathophysiology of AIP. The inflammatory response in AIP may be due partly to damage in the liver, kidney or other organs induced by ALA, PBG or porphyrins [12] . Organ damage and cell death may activate complement, leading to immune cell activation and cytokine release similar to the complement activation during sterile inflammation, e.g. myocardial infarction [23, 25] . Consistent with this, the AIP disease activity marker U-PBG was correlated with the kidney function biomarker cystatin C, TCC levels and the C3bc/C3 ratio; the last two are indicators of ongoing complement activation. The negative correlation between C3, C4 and the levels of ALA, coproporphyrin and uroporphyrin in urine may be due to complement activation with consumption of C3 and C4 or liver damage with reduced synthesis of C3 and C4. However, the increases in serum ALT reflecting liver cell damage and plasma C3bc levels reflecting complement activation were modest in the cases with AIP compared with the controls, suggesting that other additional mechanisms are probably involved.
The multiple linear regression analyses showed that PTX3 was associated independently with AIP biochemical disease activity. This association of AIP with smouldering inflammation might provide pathophysiological insights into the longterm consequences of AIP, including the enhanced risk of HCC and chronic kidney disease. PTX3 is produced by innate immune cells such as granulocytes, macrophages and dendritic cells and is involved in inflammation, arteriosclerosis and tissue repair [26] . PTX3 is a pattern recognition molecule able to interact with several complement proteins, including binding to C1q, which leads to activation of the classical pathway. As PTX3 was correlated with enhanced disease activity, enhanced complement activation and decreased kidney function, we speculate that PTX3-induced complement activation may be involved in the organ damage and/or tissue repair observed in the AIP cases [26] . Therefore, our data indicate that PTX3 may play a key role in the low-grade inflammation observed in the AIP cases. However, as the data set included 50 AIP patients, the results of the multiple linear regression analysis must be confirmed in larger studies. In this study, we held the number of variables in the multiple regression model low because of the limited number of cases and because it is highly probable that several of the cytokines expressions are inter-related. Furthermore, we cannot exclude an unknown confounder that we have not taken into account in the multiple linear regression analyses.
Our data indicate that the basal level of inflammation might be a driving factor in disease development. First, many AIP cases had cytokine levels above the reference ranges in the healthy controls. Secondly, the PTX3 level was associated independently with disease activity in the multiple regression analysis. Thirdly, this study indicates that low-grade inflammation is associated with enhanced biochemical disease activity in AIP. Furthermore, inflammation induced by bacterial and viral infections may provoke acute attacks in AIP. We speculate that this low-grade inflammation may be involved in the development of organ damage, HCC, reduced kidney function and enhanced disease activity in some of the AIP cases. The decreased kidney function in AIP was shown previously to be associated with the development of tubulointerstitial nephropathy and focal cortical atrophy with progressive arteriosclerosis in the kidney [27] . The prevalence of HCC is high among AIP patients [3, 6] , but the mechanism(s) of carcinogenesis in AIP are unknown. HCC usually arise in a diseased liver with a dynamic inflammatory microenvironment. Several growth factors, including FGF, PDGF and VEGF, may act as possible pro-angiogenetic factors secreted by stromal cells after chronic liver injury, and IL-17 may be involved in tumour progression [28] . In this study, we determined that several of these cytokines and growth factors were elevated outside attacks, also compared with the reference ranges, and we therefore speculate that they may be involved in HCC development in AIP patients. However, other mechanisms may also possibly explain the enhanced risk of HCC in AIP patients, including the direct or indirect carcinogenicity of ALA [3] .
Immune-competent cells in the liver may also contribute to inflammation in AIP. The innate hepatic immune system plays a role in defence against infection, liver damage and repair [29] . Furthermore, prealbumin levels correlated negatively with the number of symptoms (data not shown) and with several inflammatory variables. In line with this, prealbumin levels were decreased in symptomatic AIP cases, due most probably to inflammation in the liver. The level of prealbumin correlated negatively with levels of the AIP disease activity biomarker U-PBG, confirming that hepatic inflammation is important in the pathophysiology of AIP [18] . It is unlikely that these lower prealbumin levels relate to impaired nutritional status in AIP cases, as BMI and nutritional intake (data not shown) were similar in both groups. Dowman et al.'s finding that two of three liver graft recipients from a patient with AIP developed AIP symptoms and increased U-PBG levels suggests that AIP symptoms are derived only from metabolites from the liver [30] . The finding that liver transplantation is a cure for AIP and normalizes the excretion of ALA and PBG confirms this hypothesis [10] . Both porphyrins or porphyrin precursors from the liver may thus induce inflammation and organ damage and mediate the symptoms in AIP. However, most inflammatory biomarkers and cytokines were not correlated with ALA, U-PBG or porphyrin levels, suggesting that the direct activation of immune-competent cells by porphyrins and porphyrin precursors may only partially explain our results. It thus remains to be elucidated whether enhanced levels of ALA, PBG and porphyrins may act as DAMPs themselves in AIP.
The inflammation found in AIP patients may also be due to ALA, PBG and porphyrin-induced free radical release, and consequent cytokine release [17, 31, 32] . Free radicals may stimulate inflammation through direct activation of the transcription factor nuclear factor kappa B (NFjB), leading to the release of IL-6, IL-8 and other cytokines [23] . The role of free radicals in the AIP-associated inflammation should be examined in future experimental and clinical studies. Furthermore, the cytokine profile during AIP attacks and in other AIP mutations should be addressed in future studies.
Because the activation of adaptive immunity also stimulates cytokine release, we searched for autoimmune diseases and examined the levels of different autoantibodies in the AIP cases and controls. No significant differences were found in the frequency of inflammatory diseases and antiinflammatory medications between the controls and cases with AIP, indicating that autoimmunity and adaptive immunity responses do not account for the inflammatory response. However, the prevalence of gout was enhanced non-significantly in AIP cases. Furthermore, the reduced baseline kidney function in the symptomatic AIP patients might have had an impact upon the levels of some cytokines. The accumulation of uric acid and other metabolites in kidney failure may induce inflammation. Reduced kidney function has been shown to increase haem synthesis and the excretion of ALA and PBG in porphyric mice [33] . This is in line with our finding that reduced kidney function was the only confounding factor that predicted the biochemical disease activity in the AIP cases.
In conclusion, in this first study of its kind, to our knowledge, we found that numerous inflammatory markers, including all 27 cytokines measured, were increased in individuals with AIP compared with matched controls, and that several of these correlated with the biomarker of disease activity U-PBG. Taken together, these two findings point towards a new pathophysiological mechanism in AIP. Our results suggest that probable porphyrin/precursor-related hepatic damage may drive inflammation in AIP. The fact that symptomatic AIP cases also had evidence of reduced insulin release may indicate that decreased glucose uptake into cells may explain accelerated haem synthesis in at least some AIP cases. This metabolic similarity between diabetes mellitus and AIP, both of which show decreased insulin release and low-grade inflammation, could usefully be studied further. In particular, the effect of treatment with a high carbohydrate intake and a small dosage of insulin in symptomatic AIP patients to lower the disease activity and prevent attacks should be examined in future studies.
